An enzyme-linked immunosorbent assay (ELISA) to measure Streptobacillus moniliformis antibodies in mice and rats was developed. Twelve S. moniliformis strains originating from cases of rat-bite fever and Haverhill fever in man and from various rodent species, showed considerable serological relationship.
occur in various other species of animals, e.g. mice, spinifex hopping mice (Notomys alexis), guineapigs and turkeys (references in Wullenweber et al., 1990; Koopman et al., 1991) . Rats can act as a source of S. moni/iformis infections for laboratory mice (Freundt, 1956 (Freundt, & 1959 and S. moni/iformis infections in man have followed from mouse bites (Gilbert et al., 1971) . The incidence of S. monilijormis in laboratory animals has decreased due to the use of hysterectomyderived barrier-maintained animals, but S. moniliformis contamination has been described recently in barrier-maintained specified pathogen free (SPF) rodents (Wullenweber et al., 1990; Koopman et al., 1991) . The occurrence of S. moni/iformis in rodent colonies might be underestimated since the microorganism is rather difficult to grow on primary isolation.
More insight in the occurrence of S. moni/ijormis in rodent colonies might be obtained by the use of seromonitoring, which facilitates the handling of large numbers of samples compared with cultural examinations. Agglutinating and complement fixing antibodies have been demonstrated in the sera of naturally and experimentally infected rats (Heilman, 1941 (Heilman, & 1951 and mice (Nelson, 1933; van Rooyen, 1936; Savage, 1972 Savage, & 1981 . We report the development and use of an enzyme-linked immunosorbent assay (ELISA) for the detection of S. monilijormis antibodies in the sera of mice and rats. Animal Laboratory, Catholic University of Nijmegen NL (no. 5). Strain 7 is our own isolate from the middle ear of a feral rat. All isolates were stored at -70°C in brain heart infusion (BHI) broth supplemented with 10070(w/v) of glycerol until use. The cultural and biochemical characteristics were in agreement with data by Cowan (1974) , Whittier & Cary (1974) and Edwards & Finch (1986) .
Preparation of antigens
Antigens used for immunization and in the ELISA were prepared from frozen stock suspensions by cultivation in 5% horse serum supplemented nutrient broth for 20 h at 37°C under 5% CO 2 , washed 3 times by centrifugation (3000 g, 10 min) in PBS pH 7' 2 and another time in PBS pH7'2 containing 0·01% (w/v) merthiolate and finally resuspended in 25 ml 0·01 % (w/v) merthiolated PBS. Inactivation of the bacteria by the merthiolate was proven by absence of growth after subcultivation in 5% horse serum supplemented nutrient broth.
Immunization
Five-week-old female random bred Riv: TOX (Wi star origin) SPF rats were used. They were bred in a strictly barrier-maintained SPF colony, which had no evidence ,of S. moniliformis contamination since its establishment in 1977 (RIVM, Bilthoven NL). The rats were housed in laminar air flow cabinets and handled under strict aseptic conditions. Rats (3 animals per antigen) were immunized Lm. with O· 2 ml antigen (7' 5 J.tg/ml of protein), 1: I diluted in complete Freund adjuvant, and boosterimmunized after 3 weeks with O· 2 ml of the antigen I: 1 diluted in incomplete Freund adjuvant. Animals were bled by cardiac puncture under ether anaesthesia after 4 weeks and sera were stored at -20°C until use.
ELISA
Protein content of the antigen was determined by the method described by Lowry et al. (1951) . Antigens were adjusted to 10 J.tg/ml protein in Na2CO] buffer pH 9,6 and coated overnight at 20°C to 96 wells flat bottomed microtitre plates (100 J.tl antigen suspension per well). Plates (Titertek, type III, Flow Lab. Inc., McLean VA) were stored at -20°C until use. After 5 washing steps with washing solution (0'05070 Tween 20 in 0,07 M PBS pH 7, 2) plates were blocked for 30 min at 37°C using 1% bovine serum albumin (BSA, Boseral, Organon Technica, ass, The Netherlands) and 0,05% Tween 20 diluted in O' 07 M PBS pH 7, 2. Sera were diluted in PBS pH 7, 2 containing 1% BSA and 100 J.tlvolumes were tested in duplicate with the antigen for 1 h at 37°C. Plates were washed 5 times in O' 05% Tween 20 diluted in water. Volumes of 100J.tlof dilutions (in PBS pH 7, 2 containing 1% BSA and 0,05% Tween 20) of the peroxidase conjugates used (1 :20 000 diluted goat-anti rat Ig or 1: 10 000 diluted goat-anti mouse Ig (Cappel, Malvern, USA) were added. After incubation for 1h at 37°C, and 5 washings, 100J.tlsubstrate was added. The substrate consisted of 1·67 ml tetramethyl-benzidine in dimethylsulphoxide (6 mg/m!) in 100ml 0·1 M sodium acetate buffer pH 5, 5, and 10 J.tlof a 30% solution of H 2 0 2 (Perhydrol, Merck, Darmstadt, BRD). The reaction was stopped after 10 min by adding 100JLI of 2 M H 2 S0 4 and absorbances were read using a Titertek multiscan at 450 nm.
Antigen and conjugate concentrations to be used were pretested by chessboard titrations with different dilutions of antigen and conjugate.
Control wells coated with antigen and exposed to substrate and stopping reagent only were used to blank the reader. Positive and 3 negative control sera from 6, 9 and 36 weeks old Riv :TaX rats were run in duplicate in each test. The ELISA was considered positive if the optical density (aD) values (extinctions) of a serum dilution exceeded the mean + 3 SD of the mean of the extinctions observed in the 3 negative control sera.
Cross-reactivity studies
Plates were coated with the different antigens which were adjusted to 7, 5 J.tg/ml protein.
Immune sera to each of the 12 antigens and the negative control sera were used in dilutions of Boot et al.
1: 100 and 1: 1000 or in 2-fold dilutions starting with 1: 50. For reasons of comparison autologous ODs were considered 100%, and reactivity of the antisera with the homologous antigens was expressed as a percentage of the activity of the immune serum with its autologous antigen.
Specificity studies
Immune sera to the different antigens and the negative control sera were in duplicate 2-fold diluted in PBS pH 7, 2 starting with 1: 50. To one of the duplicate dilution series of each immune serum, 100J.tl of the homologous antigen, adjusted to 25 J.tg/ml of protein, was added. To the remaining dilution series 100JL1 of PBS pH 7, 2 was added. After gentle mixing, incubation for 18 h at room temperature and centrifugation (15 min, 3000g), the supernatants were tested in 2-fold dilutions starting with 1: 50 in the ELISA against S. moniliformis antigen of KUN 3, adjusted to 10J.tg/ml of protein. Immune serum to S. moni/iformis strain KUN 3 was absorbed similarly using Acholeplasma laidlawii, Bordetella bronchiseptica, Campy/obacter fetus, Campy/obacter sputorum, Eikenella corrodens, Escherichia coli, Haemophi/us sp., Mycop/asma pulmonis, Pasteurella pneumotropica and S. moni/iformis strains KUN 3, NCTC 10651T and ATCC 14647antigens in different concentrations.
The S. moni/iformis antigens were also 2fold serially diluted starting with a concentration of 50 J.tg/ml of protein. To 100J.tl of the antigen dilutions, 100J.tl 1: 50 diluted homologous immune serum was added. After gentle mixing, incubation for 18 h at room temperature and centrifugation (15 min, 3000g) the supernatants were tested in the ELISA against S. moniliformis NCTC 10651T antigen which was adjusted to 10 J.tg/ml of protein. Absorption of S. moniliformis antibody activity by the different concentrations of antigens, was calculated using the formula (A-B/ A) x 100% in which A and B are the absorbances shown by the unabsorbed and absorbed sera respectively.
Reproducibility of the ELISA Reproducibility of the ELISA was assessed in assays with S. moniliformis strains NCTC 10651 T and KUN 3, negative control sera and immune sera raised in mice and rats respectively. Tests were performed by 2 different technicians on 5 consecutive days. On each occasion sera were tested in triplicate.
Experimental infections Animals.
Three to 4-week-old female random bred mice and rats, produced within strictly barrier-maintained SPF colonies were used. These colonies had no history of contamination by (potentially) pathogenic rodent viruses, bacteria, Mycoplasma sp. or parasites (except Staphylococcus aureus, Clostridium perfringens and Pseudomonas aeruginosa), since its establishment. A pelleted diet for rodents (SRM-Hope Farms BV, Woerden, The Netherlands) was fed to the animals ad lib. Tap water was available ad lib. In the first and second series of experimental infections, N: NIH mice and Riv: TOX rats (RIVM, Bilthoven, NL) were used, whereas in the second series C57BL/6 mice and Cpb: WU rats (HSD-CPB, Austerlitz, NL) were also used.
Experimental design.
Mice were kept separate from rats in all experiments. In the first series of experimental infections, 2 groups of both mice and rats were infected with S. moniliformis strain NCTC 10651T and strain KUN 3 respectively. In each experiment, 10 mice and 10 rats were housed within separate stainless steel isolators. They were bled through punction of the retro-orbital venous plexus under ether anaesthesia, and were inoculated intranasally (Ln.) with O· 2 ml of the S. moniliformis suspension (l05 to 10 6 cfu/ml). Seven days post inoculation (p.i.), 4 animals per group were bled and cultured for the presence of S. moniliformis. All remaining Ln. inoculated animals were bled at 2, 4 and 6 weeks p.i. for serological studies and were examined at 6 weeks for gross respiratory tract pathology and the presence of S. moniliformis. In all experiments, 12 SPF 353 animals of the same species were housed with the 6 remaining animals which were i.n. inoculated 14 days earlier. Two Ln. inoculated and 4 newly introduced animals were housed in a Macrolon type III (mice) or a type IV cage (rats), to study 'natural' transmission of S. moniliformis. All newly introduced animals were bled at 2, 4 and 6 weeks after housing with their i.n. inoculated counterparts and were examined for gross respiratory tract pathology and cultured at 6 weeks p.i.
From all individual animals samples from the nasal cavity, the nasopharynx, the trachea, the lung and the middle ear were inoculated onto plain sheep blood agar (SBA) and into 5070horse serum supplemented nutrient broth. Agar media were incubated for 48 h at 37°C under 5% CO 2 and read for growth of S. m oniliform is. Sera from all mice and rats were tested for antibodies to the autologous S. moniliformis strain in a I : 10 dilution.
Because of the negative cultural results for S. moniliformis in the first series of experimental infections, a second series of experimental infections was carried out, with the aim of evaluating adaptations in our cultural methods only. Therefore, ELISA testing for antibodies was not done. Groups of both mice and rats were infected with S. moniliformis strains ATCC 49567 and KUN 3 respectively. Each bacterial strain was inoculated into 4 N: NIH and 4 C57BL/6 mice, and 4 Riv: TOX and 4 Cpb: WU rats, which were housed in separate type III Macrolon filtertop cages. Each animal was i.n. inoculated with O· 2 ml of the S. moniliformis suspension (10 5 to 10 6 cfu/ml). At 7 and 14 days p.i., 2 animals of each group were examined for the presence of the bacterium. From all individual animals samples from the mouth, the nasopharynx, the trachea, the lung and the middle ear were inoculated onto a SBA, a brain heart infusion (BHI) agar and a PPLO agar according to Chanock et al. (1962) . The submandibular and cervicallymphnodes were excised and inoculated into PPLO broth containing 20% horseserum and 41·7 IU/ml of penicillin (Chanock et al., 1962) and into serumbroth. Agar media were incubated for 48-72 h at 37°C under 5070CO 2 and read for growth of S. m oniliform is. Growth in broths was sub cultivated after 72 h onto SBA and BHI agar, which were incubated and read as described.
Observations in naturally infected rats
Two groups of feral R. norvegicus, trapped at different sites in the Netherlands, were bled (13 and 25 rats respectively) and cultured (13 and 14 rats respectively) as described for the second series of experimental infections. All sera were tested in the ELISA as described above, using the S. moniliformis NCTC 106SIT as the antigen.
Statistics
Differences between groups were tested using Fisher's exact test, which was performed using the EPIST AT statistical package, run on a personal computer.
Results

Cross-reactivity studies
Optical densities (ODs) observed in autologous ELISAs ranged between 1100 and 1600. All S. moniliformis strains reacted with all antisera raised to each of them (Table I) .
Specificity-studies
Antibodies to S. moniliformis strain KUN 3 were absorbed by the autologous and both homologous S. moniliformis strains ( Table 2) . Absorption of ELISA activity was proportionate to the amount of antigen used. Of the heterologous antigens only A. laidlawii partially absorbed antibodies to S. moniliformis KUN 3.
Reproducibility of the ELISA
The variation coefficients (VCs) of the ELlSAs performed by 2 technicians on 5 occasions in positive and negative mouse serum were 14.3 and 21.2 respectively. The VCs of the ELISAs performed similarly in positive and negative rat serum were 8 and 19 respectively.
Experimental infections
During the first series of experimental infections, S. moniliformis could not be cultivated from intranasally (Ln.) inoculated animals or animals housed with them. During the second series of experimental infections, the bacterium was recovered from a minority of the mice and rats at 7 or 14 days after Ln. inoculation. In the 7 culture positive animals S. moniliformis was recovered from the submandibular and/or cervicular Iymphnodes (5 x), the nasopharynx or trachea (4 x) and the middle ear (2 x).
Intranasally infected mice responded serologically to NCTC 10651 T only (Table 3) , but uninfected counterparts housed with these mice did not show an increase in antibody level. Rats which were Ln. infected with strain KUN 3, formed antibodies to the bacterium, and uninfected counterparts housed with them also seroconverted. Rats which were infected with NCTC 10651 T , did not show an elevation of their mean OD in the ELISA.
Observations in naturally infected rats
In 2 groups of feral R. norvegicus, S. moniliformis was cultivated from the middle ear of one animal showing torticollis. The ELISA ·i.n. = intranasal inoculation; n.tr. = spontaneous or 'natural' transmission.
"mean ± SO of ODs; n = 6 in intranasally and n = 12 in animals housed with them. n.d. = not determined.
detected significantly more positive rats, all 13 from the first group and 3 out of 25 from the second group (Fisher's exact test, P< O· 01).
Discussion
Cross-reactivity All S. moniliformis strains used in this study (Table 1) were clearly serologically related. In spite of the fact that we partly studied the same strains, we did not find support for the finding by Costas and Owen (1987) that, based on their electrophoretic (SDS-PAGE) protein patterns, Haverhill fever strains differ from rat-bite fever strains. We also did not find antigenic differences between the human and rodent strains of S. moniliformis. Even the S. moniliformis from the spinifex hopping mouse, which appeared the least typical member of the species on proteinprofiling (Costas & Owen, 1987) , did not behave serologically differently from all other isolates in our study. Antigenic differences in S. moniliformis have not been reported. Our data suggest that one S. moniliformis antigen, e.g. one prepared from NCTC 10651 T or KUN 3, would be sufficient to test mice and rats for antibodies to most strains of the bacterium.
Reproducibility
Reproducibility of the assay appeared to be within acceptable limits.
Specificity
Since S. moniliformis antibody activity was absorbed by autologous and homologous antigens (Table 2) , but not by the heterologous bacteria, our ELISA seems to be specific for S. moniliformis antibodies. Only A. laidlawii absorbed antibodies to S. moniliformis partially. We included A. laidlawii in our study, since there is some conflicting information on the genetic relationship between A. laidlawii and S. moniliformis. Pachas et al. (1986) claimed 21070 DNA homology between A. laidlawii and S. moniliformis ATCC 14647, but later the same authors reported S. moniliformis to hybridize only at 1-3070 with various A. laidlawii strains (Aulakh et al., 1987) . Antiserum to A. laidlawii did not react with L-forms of S. moniliformis (Pac has et al., 1986) , but reactivity with the bacillary form of S. moniliformis was not reported. We do not think that the limited serological relationship between both microorganisms leads to practical problems in the screening of mice and rats. A. laidlawii has not been found in these animal species. A. laidlawii has been isolated from guinea pigs (Hill, 1974) and rabbits (Angulo et al., 1987) , but mice and rats kept with or on the bedding from infected guineapigs for 3 weeks, failed to become infected (Hill, 1974) . It cannot be ruled out, however, that A. laidlawii-contaminated guinea pigs and rabbits might act as a source of contamination for rodents when the animal speciesare closelyhoused together. Under such circumstances both mice and rats might become serologically positive in our ELISA.
Experimental infections
The results of our efforts to cultivate S. moniliformis from mice and rats in the first series of experimental infections, strengthens earlier observations that the microorganism is difficult to grow on primary isolation (Cowan, 1974; WhittIer & Cary, 1974) . Only after considerable adaptations were made in the bacteriological examination of animals in the second series of experimental infections, were we able to grow S. moniliformis. Most positive cultures were from regional lymph nodes (previously omitted) using media normally applied for the cultivation of Mycoplasma sp. Negative cultural results in the first series of experimental infections were not due to a lack in viability of S. moniliformis given to the animals, since the bacterium could be cultured from the vials after Ln. inoculation.
Negative cultural results might be due to absence of the bacterium. In the first series of experimental infections, this may have been the case in mice after Ln. inoculation with strain KUN 3 and in rats which were inoculated with NCTC 10651 T . It will remain unclear as to whether S. moniliformis NCTC 10651 T would have colonized the mice or not, since mice housed with the i.n. dosed mice did not seroconvert and we observed that i.n. inoculation of mice and rats with various bacterial species can lead to seroconversion without colonization (unpublished observations). However, we are quite certain that strain KUN 3 must have colonized the rats which were inoculated with this strain, since the SPF rats housed with the i.n. dosed rats, also developed S. moniliformis antibodies. Since the first series of experimental infections were performed under gnotobiotic conditions, which exclude external sources of contamination, the Ln. infected animals must have transmitted the bacterium to their counterparts.
It remains unclear why the rats which were Ln. inoculated with S. moniliformis 10651T, did not seroconvert. Possibly colonization might be partly determined by the origin and history of the strain used for infection. Strain KUN 3, which apparently colonized the rats (Table 3) , Boot et al. was recently isolated from naturally infected rats (Koopman et al., 1991) . Also the ATCC 49567 strain, which could be cultivated from Ln. infected C57BL/6 mice, is a recent isolate obtained from mice (Wullenweber et al., 1990) , but NCTC 10651T was isolated several decades ago from a case of rat-bite fever in man and has possibly (as most, other strains) been subcultivated rather frequently.
Observations in naturally infected rats
Our observations in feral rats, which are considered to be the natural carrier of S. moniliformis, underline the difficulties of primary isolation of the microorganism. Although we used the same cultural methods as applied in the second series of experimental infections (including cultivation from the regionallymphnodes and using media for the cultivation of Mycoplasma sp.), S. moniliformis was cultivated from the middle ear of one animal having otitis media only. In these feral rats, the ELISA appeared superior to culture since the serological test detected significantly more positive animals.
Serological studies in naturally infected rats, measuring agglutinating antibodies, have been performed several decades ago (Heilman, 1941 (Heilman, & 1951 Nelson, 1933; van Rooyen, 1936) , but apparently have never been introduced into the screening of laboratory animal colonies. The suitability of other serological methods which were used in mice, for the monitoring of rodent colonies, remains to be studied. Savage (1972 Savage ( & 1981 described a complement fixation (CF) test and Wullenweber et al. (1990) used an indirect immunofluorescence (IF) test for antibodies against S. moniliformis. Both methods were used in mice which were intravenously injected with S. moniliformis, but the suitability of CF and IF in detecting naturally infected animals has never been reported. It could be argued, however, that the route of natural infection in mice (biting) might be more or less imitated by i.v. inoculation, suggesting that the suitability of both methods mentioned, warrants further study.
The ELISA described here has also been found better than culture for the detection of S. moniliJormis in rats which were used in otological studies (Koopman et al., 1991) . We
